Abstract
A generalized estimate of natural groundwater-recharge rates was developed by analysis of streamflow, precipitation, and basin-characteristics data. Streamflow data were analyzed to determine the ground-water-discharge component of gaged areas. Long-term precipitation data were used to adjust ground-water-discharge data to reflect long-term average recharge characteristics. Basin-characteristics data were used to aid in the interpolation of recharge characteristics within gaged and ungaged areas. The generalized estimate provides a consistent method for approximating recharge rates in the Lower Peninsula of Michigan.
Ground-water-discharge and surface-waterrunoff components were determined by use of a hydrograph-separation-analysis technique known as streamflow partitioning. Data were analyzed from 114 selected basins having a total of 3,456 station-years of daily streamflow record. Annual ground-water discharge ranged from 0.19 to 22.7 inches per year. The average ground-water discharge was 8.41 inches per year. The average annual percentage of streamflow identified as ground-water discharge ranged from 29.6 to 97.0 percent.
Basinwide average ground-water discharges were adjusted to provide consistent estimates of recharge from streamflow data collected during different intervals of time. A set of 114 dynamic regression equations relate annual precipitation to annual ground-water discharge in each basin. The equations explained from 18.6 to 75.8 percent of the variation in annual ground-water discharges among the selected basins. Normal basin recharge rates were computed by use of these equations and the normal precipitation for 1951-80 for each selected basin.
A multiple-regression equation was developed to estimate the spatial variation of natural recharge within the Lower Peninsula of Michigan. Selected explanatory variables include (1) latitude and longitude of the basin centroid, (2) surficial geologic material classifications of outwash sand and coarse-textured till, and (3) land-use classifications of deciduous forests and coniferous forests. The equation accounts for 71 percent of the variability of normal basin recharge rates.
Coefficients of the regression equation, which were computed by use of a generalized least-squares procedure, indicate that recharge generally increases from north to south and from east to west throughout the Lower Peninsula. This geographic variation is thought to be associated with climatic factors. The regression coefficients associated with surficial geologic materials classified as outwash sand or coarse-textured till and with the forest land-use classifications were positive. The positive coefficients are thought to be associated with infiltration capacities of soils associated with the selected surficial materials and land-use classifications. Maps showing the generalized estimate of recharge and the relative uncertainty of the generalized estimate were developed.
INTRODUCTION
The Michigan Basin Regional Aquifer-System Analysis (RASA) study area encompasses about 29,000 square miles (mi2) in the center of the Lower Peninsula of Michigan. The objective of the Michigan Basin RASA is to aid in the effective management of the region's ground-water resources by providing information on the hydrogeology and the geochemistry of aquifers in near-surface bedrock and glacial deposits (Mandle, 1986, p. 15) . Information on components was obtained by (1) estimating the water budget, (2) describing the geologic framework and the hydraulic characteristics of the aquifer materials, (3) modeling ground-water levels and flow nets, and (4) assessing the water-quality characteristics and the geochemistry of the regional aquifer system.
The study of regional ground-water recharge described herein helps to meet the objective of the Michigan Basin RASA by providing an estimate of the spatial variation of natural ground-water-recharge rates to the surficial geologic materials within the Lower Peninsula. Natural recharge refers to recharge that results directly from infiltration of precipitation or from runoff and subsequent infiltration from surfacewater bodies (Allison, 1988, p. 49) . Artificial recharge and recharge induced by irrigation are not considered here.
Direct measurement of recharge is difficult. Closed-bottom lysimeters buried beneath the rooting zone (Routson and Johnson, 1990 ) provide a direct measurement. Unfortunately, such lysimeter data are generally unavailable. Therefore, numerous techniques for estimating recharge have been developed.
Common techniques for estimating point or average recharge rates include (1) chemical-tracer studies, (2) tritium isotopic studies, (3) numerical simulation of mechanistic processes, (4) water-balance studies, (5) studies of ground-water-level fluctuation, (6) derivation of empirical relations based on precipitation data, and (7) studies based on hydrograph separation of streamflow records. Although none of these techniques is entirely reliable (Simmers, 1988, p. xi) , hydrograph separation was selected for this study because of its widespread use for recharge estimation, the availability of supporting data, and the need to apply the technique across an area as large and diverse as the Lower Peninsula.
Hydrograph separation is an attempt to identify the surface and subsurface flow components of streamflow. The subsurface component is primarily ground-water discharge that originates as recharge. Many different techniques for hydrograph separation have been devised (Barnes, 1939; Snyder, 1939; Chow, 1964; Pettyjohn and Henning, 1979; others, 1984, 1987; Nathan and McMahon, 1990; Rutledge, 1991 Rutledge, , 1993 . Because of the large amount of streamflow data available for the Lower Peninsula of Michigan, only those separation techniques that have been adapted for computer processing were considered feasible for this application.
Recharge rates computed by use of hydrographseparation techniques represent a spatial and temporal average for a specific basin during a specific time interval of data collection. If the technique is applied to more than one basin in a streamflow-data-collection network and if measurement intervals differ among the basins, the resulting set of recharge rates may be inconsistent because of temporal variations in recharge. This unwanted source of variation was eliminated in this study by adjusting the set of recharge rates to represent a common period of data collection. Finally, an interpolation technique was used to describe the spatial variation of recharge rates within gaged and ungaged basins.
The Michigan Basin RASA has built upon the work of other scientists who have described recharge (Simmers, 1988) and the hydrogeology of Michigan (Mandle and Westjohn, 1989; Rheaume, 1990) . Previous investigators (McDonald, 1981; Grannemann and Twenter, 1985; Delcore and Larson, 1987; Straw and others, 1989) have provided estimates of local recharge in Michigan; generalized recharge rates have not been previously available.
Purpose and Scope
The purpose of this report is to describe (1) a set of streamflow-gaging stations for use in recharge estimation, (2) a hydrograph-separation technique appropriate for the selected set of stations, (3) a set of recharge estimates from the hydrograph-separation analysis that represent a common base period, (4) the recharge estimates within and between gaged basins in the Lower Peninsula, and (5) the spatial variations and relative uncertainties in the ground-water-recharge rates.
A definitive analysis of alternative rechargeestimation techniques is outside the scope of this report. The relation between estimated recharge and true recharge is generally unknown because insuffi-cient direct measurements of recharge are available. However, separation techniques are commonly used for recharge estimation, and different separation techniques may produce similar estimates of recharge. Unfortunately, any uncertainty associated with the difference between estimated and true recharge rates could not be assessed in this analysis. (For a recent review of hydrograph-separation techniques, see Nathan and McMahon (1990) .) Neither does this report describe the seasonal or annual variations of recharge; only a long-term average recharge is given, which corresponds to long-term average precipitation for 1951-80 in Michigan. Timing of recharge, which can have important implications for analysis of transient-flow conditions in aquifers, cannot be assessed by use of the selected information.
The report describes an interpolation method used to develop the generalized estimate of natural recharge. The interpolation method is based on a statistical relation between the main effects of readily measurable basin characteristics and basinwide recharge rates. Interaction and higher order effects and human activities that locally affect recharge could not be determined from the available data. Thus, alternative recharge estimators that reliably account for localized factors would supersede the generalized estimate in this report.
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METHODS OF STUDY
The spatial variation of ground-water recharge was estimated by analyzing daily streamflow records, precipitation data, and basin-characteristics data. Streamflow data were obtained from records maintained by the U.S. Geological Survey (USGS). Annual precipitation data were obtained from a compilation of precipitation data from the National Climatic Data Center distributed by Earthlnfo Incorporated. Normal (30-year (yr) average) precipitation data for the period 1951-80 were provided by Fred Nurnberger (State Climatologist, Michigan Department of Agriculture, written commun., 1992). Basin-characteristics data were obtained from the Center for Remote Sensing at Michigan State University (David Lusch, written commun., 1992) .
Estimation of generalized recharge rates was a three-step process. First, daily values of streamflow from selected gaging stations were partitioned into ground-water-discharge and surface-water-runoff components. Second, the annual ground-water-discharge component was related to annual precipitation in a series of basin-specific regression equations. The steady-state solution of these dynamic regression equations (Pankratz, 1991, p. 115) at the normal precipitation rate for the period 1951-80 was used to define the normal recharge for each basin. Third, an equation was developed to relate the variation of normal recharge among basins to readily measurable basin characteristics. The recharge equation was used to map the spatial variation and describe the relative uncertainty associated with the generalized recharge estimate. A detailed account of this process follows.
Selection of Streamflow-Gaging Stations
A set of 114 USGS streamflow-gaging stations was selected for analysis (table 1). The criteria for selection follow: (1) gaging station location in the Lower Peninsula of Michigan; (2) a minimum of 10 yr of continuous streamflow data through water year 1991; (3) a drainage area of the gaged basin less than 1,500 mi2; (4) no significant effects of regulation, diversion, or augmentation on streamflow; and (5) surface-water and ground-water divides that are thought to be approximately coincident. These criteria were developed to eliminate stations for which hydrograph separation would likely lead to inaccurate estimates of recharge.
All hydrograph-separation techniques are implicitly based on the assumption that variations in streamflow are the eventual response of the basin to precipitation. Some adjustment is generally provided to account for the natural attenuation of streamflow peaks that commonly occurs with distance along the stream channel. These adjustments, however, cannot account for sudden attenuations associated with storage in lakes and reservoirs or effects associated with flow regulation, augmentation, or diversion. Therefore, gaging stations where channel storage, regulation, diversion, or flow augmentation was thought to significantly affect peak-streamflow attenuation rates were not included in the analysis.
The identification of gaged basins and of the variability of annual ground-water discharge was facilitated by dividing the Lower Peninsula into four zones ( fig. 1 ). Each zone contains between 23 and 34 gaging stations and corresponds to one or two subregional hydrologic units, as delineated on the hydrologic unit map for Michigan (U.S. Geological Survey, 1974). Approximate basin boundaries within each zone are shown in figures 2 through 5.
Identifying the Ground-Water Component of Streamflow
The purpose of hydrograph separation is to subdivide daily values of streamflow into ground-water and surface-runoff components. The long-term average ground-water component provides an estimate of the long-term average observable recharge rate. Observable recharge is defined as that part of total recharge that emerges as streamflow within the basin. Recharge that flows out of the basin as ground water or that is lost to riparian evapotranspiration is considered unobservable. In this report, the term "recharge" refers to observable recharge.
Numerous techniques have been developed for hydrograph separation. Because of the importance and inherent difficulties of establishing the most appropriate technique under a wide variety of hydraulic and geologic conditions, refinements of hydrograph-separation techniques continue to stimulate research activity (Nathan and McMahon, 1990) . White and Sloto (1990) and Rutledge (1993) have developed or implemented automated techniques. Automated techniques were needed in this study because of the large amount of data analyzed and because of the need for consistency, reproducibility, and speed of data processing.
In this study, the hydrograph-separation technique referred to as "streamflow partitioning" (Rutledge, 1993) was used because the technique (1) was developed specifically to estimate recharge in the humid, eastern part of the United States, (2) produces estimates that are in close agreement with estimates derived from other manual and automated techniques of streamflow separation, (3) has data requirements that are consistent with available data, and (4) can be used efficiently with existing computational resources.
Streamflow partitioning consists of two steps: (1) ground-water discharge is set equal to streamflow during times of negligible surface runoff, and (2) ground-water discharge between these periods (during apparent surface-runoff events) is interpolated. Periods of surface runoff are inferred from an iterative analysis of the hydrograph-recession characteristics. The streamflow partition in figure 6 shows the volume of flow below the partition as the ground-water component and the volume of flow above the partition as the surface-runoff component.
Estimating Normal Basin Recharge Rates
Annual ground-water discharges varied among stations. Some of this variation is expected because of variation in annual precipitation that is the source of ground-water discharge. Additional variation is expected because of annual changes in ground-water storage in the aquifer. Although the average groundwater discharge over the period of record provides an estimate of the long-term average recharge rate, this estimate may not be consistent among stations operated during different time intervals. Any inconsistency would decrease the accuracy of an equation used to estimate the spatial variation of recharge rates.
To ensure a consistent recharge estimate among selected basins, the current year's ground-water discharge was related to basin precipitation and the previous year's ground-water discharge by a set of basinspecific regression equations having the general form (1) is the annual ground-water discharge at basin / in yeary, is the annual mean precipitation at basin i in year;, is the annual ground-water discharge at basin i in yeary-1, Pa P/2J' are a set °f ordinary least-squares regression coefficients, which can be written as a column vector f / and computed as (XXrl Xqi , where x is the matrix of explanatory variables augmented by a column of ones in the first column. The prime symbol indicates a matrix transpose, and the -1 power indicates a matrix inverse. The vector <?, contains annual mean discharges from the /th basin, and £, ; is a random error term that is assumed to be a stationary sequence of independent, normally distributed random variables with mean zero and standard deviation 
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(2) The standard error of ;y, was computed as where n( is the number of years of record at the ith station and k is the number of parameters. A consistent set of the normal basin recharge estimates was computed by use of the basin-specific regression equations. The estimate was computed by substituting the normal precipitation for the period 1951-80, PW, for the annual precipitation. The difference between the mean annual precipitation during the period of record and the normal precipitation provides the basis for the adjustment. To remove the effects of changes in aquifer storage, the normal basin recharge estimate, yit was computed as steady-state solution (q. j = q.j_ l ) to equation 1 as
where x is the column vector generally equal to [l>P,w» ?,-] '. The true normal basin recharge, ¥,, estimated by y{ has a random error component, r\ ( , such that
where the expected value of ri-= 0 and the variance of T|. = 5? (G.D. Tasker, USGS, written commun., 1992). Thus, y( provides a statistically unbiased estimate of Vt with a sampling error that is a function of s{ . However, because some of the ground-water recharge may not appear as streamflow at the gaging station and some recharge may be lost to riparian evapotranspiration, y. tends to be less than total recharge. The magnitude of the difference between total recharge and observable recharge could not be determined from available data.
Developing a Generalized Estimate of Recharge Rates
Normal basin recharge rates describe spatially averaged recharge rates. Local recharge rates within basins, however, can differ considerably from basinwide averages because of climatic factors and local variations in basin infiltration capacities. In addition, the basinwide average rates are not directly applicable to ungaged areas. Therefore, a regression equation was developed to interpolate normal basin recharge rates within gaged and ungaged areas by use of selected basin characteristics.
Basin characteristics considered as possible explanatory variables included latitude and longitude of basin centroids (as an index of spatial variations in climate-related factors), mean basin elevation, slope characteristics, surface-permeability characteristics, surficial geological materials, land-use and land-cover characteristics, and surface-drainage characteristics. Locations of basin centroids were determined from maps showing basin boundaries (Croskey and Beall, 1984) . Data on the elevation, slope, permeability, surficial geological material, land use and land cover, and surface-drainage characteristics were determined by personnel at the Center for Remote Sensing at Michigan State University (David Lusch, written commun., 1992) from digital maps and related data sets.
The basin-characteristics data and the basin-specific estimates of normal basin recharge were used to develop a recharge equation of the form
where X is an (n x p) matrix such that n equals the number of observations (gaging stations) and (p -1) is the number of selected basin characteristics augmented by a column of ones, $ is a (p xl) vector of regression coefficients, TI is an (n xl) vector of sampling-error components, and e is an (n xl) vector of model-error components.
The error components are related such that the expected value of e + T\ = 0 and the expected value of [(e + Ti)(e + r\) ] is designated as the matrix A (G.D. Tasker, USGS, written commun., 1992) . T he estimator of the error covariance matrix, A , is a symmetric (n x n) matrix that can be disaggregated into model-error and sampling-error components as +2, (7) where 7 is an estimator of the variance of the error inherent in the model, 7H is an (n x n) identity matrix, and i is an (n x n) matrix that estimates the samplingerror covariance matrix. Each element of i is computed as
where i andy are index rows and columns of the matrix, S; V (/ =./') is the sample variance for every / =y, and p(Ci» Q is tne effective spatial correlation function (G.D. Tasker, USGS, written commun., 1992). The effective spatial correlation function accounts for the spatial correlation and the interval of concurrent record during which the spatial correlation was effective. In this analysis, the effective spatial correlation was computed as a function of the residuals £ of the basin-specific estimates of annual ground-water discharge rather than the annual ground-water discharges (q) themselves. The residuals were used because the autocorrelation characteristics of the annual ground-water discharge series may have resulted in overestimation of the spatial correlation structure. The form of the equation used to estimate the effective spatial correlation was lninj (9) where is the concurrent record length between stations i and 7, is a smooth, monotonically decreasing function of the separation distance, dtj, between corresponding basin centroids, and n, and n, are the number of years of record at the /th andy'th stations, respectively. The form of the nonlinear equation used to estimate PJ; was (10)
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Py -Po variances of basin-specific recharge estimates but also for the cross-correlation of concurrent flows at other gaging stations. The GLS estimates of regressionmodel coefficients (3GL5 are determined by iteratively solving where |30 and ^ are estimated regression coefficients determined by use of a weighted least-squares (WLS) analysis.
Preliminary estimates of coefficients associated with equation 6 were computed by use of WLS analysis (SAS Institute, 1989 , p. 1385 . The preliminary estimates were necessary for efficient evaluation of many alternative equations initially considered. The weights for each observation were equal to the reciprocal of the variances of the basin-specific recharge estimates and were used to estimate a coefficient vector as and
(13) (Tasker and Stedinger, 1989, p. 365) .
Once the solution to equations 12 and 13 was obtained, the estimated covariance of pGLS was computed as [XA~lX] ~l . This matrix, together with the model-error variance, was used to calculate the relative uncertainty of the estimated recharge for a basin with characteristics x as
where S is the variance associated with recharge estimates at each of the n gaging stations. Final estimates of coefficients for equation 6 were obtained by use of the generalized least-squares (GLS) procedure (Tasker and Stedinger, 1989) . The GLS procedure accounts not only for the differences in The average ground-water discharge for these records is 8.41 in/yr; the standard deviation is 4.09 in/yr. In this report, annual ground-water discharges are expressed in areal inches that were computed by dividing flow volumes by drainage areas determined on the basis of surface topographic features. The average percentage of streamflow identified as ground-water discharge also differed widely among selected gaging stations ( fig. 11 ). Columbia Drain near Sebewaing, Mich. (USGS gaging station 04158000), had the smallest average annual groundwater component, 29.6 percent; Manistee River near Grayling, Mich. (USGS gaging station 04123500), had the largest average ground-water component, 97.0 percent.
Variations in ground-water discharge result from temporal and spatial differences in climatic characteristics and from spatial differences in basin characteristics. To determine the spatial relation of climatic factors and basin characteristics to recharge, the temporal variations in recharge were removed by use of the basin-specific dynamic regression equations discussed in the following section.
NORMAL BASIN RECHARGE RATES
A set of basin-specific regression equations (using variables in table 2) was developed to relate annual variations in ground-water discharge to annual variations in precipitation and the previous year's ground-water discharge. The general form of these equations is equation 1. Annual mean precipitation values, pt j, were computed as the weighted-average annual precipitation of the three closest precipitation stations to the ith basin centroid operated during the jth year. Weights were inversely proportional to the squared distance between the basin centroids and the precipitation stations. Normal basin precipitation, pin, was computed similarly by use of 107 precipitation stations distributed throughout the Lower Peninsula for which normal precipitation was available (Fred Nurnberger, State Climatologist, Michigan Department of Agriculture, written commun., 1992).
Normal basin recharge rates were generally computed by use of the steady-state form (eq. 3) of the basin-specific regression equations. Of the 114 basinspecific equations, 72 included coefficients associated with both annual precipitation and the previous year's ground-water discharge component, 34 included coefficients associated with precipitation but not the previous year's annual ground-water component, and 2 equations included coefficients associated with the previous year's annual ground-water component but not the annual precipitation. All equations contained an intercept term. Only coefficients significant at the 5-percent level were maintained in the equations; thus, for six stations, the basin recharge rate was based on the base flow.
All coefficients associated with either annual precipitation or the previous year's ground-water discharge component were positive. The positive coefficients are consistent with the assumed physical relations among precipitation, aquifer storage, and ground-water discharge. The equations explained from 18.6 to 75.8 percent of the variation in annual groundwater discharges. In general, the normal recharge rates closely matched the corresponding average groundwater discharges ( fig. 12 ). Over all selected basins, the average ground-water discharge was 0.24 in/yr higher than the normal recharge rate. The validity of the basin-specific regression equations and the corresponding normal-recharge-rate estimates is dependent upon satisfying the assumptions concerning the residual terms (Q. The standard assumptions include stationarity (constant mean and variance), normality, and independence. No stations were identified that violated the standard assumptions on the basis of statistical analyses of the residuals.
A GENERALIZED ESTIMATE OF RECHARGE RATES
A regression equation was developed to provide a generalized estimate of recharge. The equation is a multiple-linear-regression equation that describes the statistical relation between normal recharge rates and selected basin characteristics. Development of this equation required (1) identification of appropriate basin characteristics for use as explanatory variables in the equation, (2) estimation of coefficients associated with the selected characteristics, (3) evaluation of the regression equation by comparison of normal basin recharge rates with estimates based on the regression equation, and (4) computation of the generalized estimate of recharge to depict the spatial variation of QQQQQQQQQQ recharge rates in the Lower Peninsula. The results of these analyses are discussed in the following sections.
Identifying an Equation for Recharge Estimation
Model identification is a process of selecting an appropriate subset of the available basin-characteristics data for use as explanatory variables in a regression equation. Preliminary selection of basin characteristics was guided by automated model-selection techniques including the STEPWISE method and the RSQUARE method (SAS Institute, 1989 , p. 1398 . Automated techniques are efficient and appropriate for preliminary evaluation of a large number of alternative equations.
Final model identification was based on physical reasoning and on an iterative analysis of alternative equations. In general, the preferred equations (1) included basin characteristics that are found within most basins, (2) satisfied implicit constraints on coefficients or sets of coefficients based on considerations associated with the physical process, and (3) explained a high proportion of the variability in basin recharge with few model coefficients. Model simplicity and consistency with physical processes were critical in model selection because of the need to apply the model across the Lower Peninsula. Therefore, only the main effects of explanatory variables were included in the selected equation. Higher order terms, such as powers of explanatory variables or interaction terms among explanatory variables, were not included. Similarly, local effects of human activity could not be identified with the available information.
Effects of individual observations (stations) on the selection of basin characteristics also were scrutinized. Preliminary modeling indicated that regression estimates of recharge for three stations in the upper Rifle River Basin (Houghton Creek near Lupton, Mich., USGS gaging station 04139000; Rifle River near Lupton, Mich., USGS gaging station 04139500; and Prior Creek near Selkirk, Mich., USGS gaging station 04140000) were smaller than the normal basin recharge estimates. Similarly, the regression estimate of recharge for a gaging station in an adjacent basin (South Branch Au Sable River near Luzerne, Mich., USGS gaging station 04135700) was greater than the value indicated by streamflow partitioning.
Investigation of this discrepancy revealed that an interbasin transfer of water had been documented in this area (Knutilla and others, 1971, p. 41) . The interbasin transfer occurs because the surface-water and ground-water boundaries are not coincident. In this case, some precipitation that falls within the South Branch Au Sable River Basin, as defined by the surface topographic features, is transferred to the upper Rifle River Basin because of the natural ground-water flow gradient. Because of the possible differences between the location of the surface-water and groundwater divides in the four identified basins, the drainage areas needed to adjust streamflow volumes could not be determined with confidence. Therefore, to reduce the effect of this uncertainty on the recharge equation, the four identified gaging stations were removed from the set used to estimate coefficients for the recharge equation.
On the basis of available basin-characteristics data that included climatic, physiographic, geologic, geographic, and land-use classification indices, six characteristics were selected for use as explanatory variables. Selected geographic indices include the latitude and longitude of the basin centroids. The remaining four variables describe the proportion of the basins covered by the surficial geologic material classified as glacial-outwash sand and gravel and postglacial alluvium (SGOSAND); the surficial geologic material classified as coarse-textured glacial till (SGCTIL); the land-use classification of deciduous forests (LUFD); and the land-use classification of coniferous forests (LUFC).
Latitude and longitude of the basin centroids are thought to be associated with the continuous variation of recharge with climatic factors. The selected geologic indices, which include primarily coarse-grained materials, would likely be associated with higher average recharge rates than other geologic indices because coarse-grained materials allow faster infiltration of water than fine-grained materials do. Similarly, forested lands would likely be associated with higher recharge rates than most other land-use classifications because of higher infiltration rates. Infiltration rates are maintained in forested areas because leaf litter generally protects the infiltration capacities of soils and because the soils are infrequently exposed to mechanical compaction that can reduce infiltration capacities.
Latitudes and longitudes of basin centroids were standardized before analysis to clarify the effect of the basin geographic variables and the model intercept term on recharge estimates. Standardization was done by replacing the latitude of the ith basin centroid, LAT,, with SLAT, defined as (LAT, -mean(LAT))/ std(LAT), where the mean(LAT) is the mean latitude (43.1636 degrees) of the basin centroids used in the analysis and std(LAT) is the standard deviation (0.8908 degrees) of the latitudes of basin centroids used in the analysis. The standardized longitude, SLON, was defined similarly. The mean longitude equals 84.2476 degrees, and the standard deviation of the longitudes equals 0.9444 degrees.
A statistical summary of the distributional characteristics of the explanatory variables is given in table 3. The standardized latitude and longitude are approximately symmetrically distributed with a mean of 0 and a standard deviation of 1. The four remaining characteristics are from a mixed probability distribution model having a positive probability mass at 0 and continuous distributions above that point to a theoretical maximum value of 1. The spatial distributions of the selected surficial geologic materials and forest types are shown on figures 13 and 14. 
Estimating Coefficients for the Recharge Equation
Model identification was based on preliminary estimates of coefficients determined by use of weighted least-square estimates (WLS) (eq. 11); however, the WLS estimates of regression coefficients are based on the assumption that cross-correlation between adjacent basins is zero. To verify the adequacy of this assumption, sample estimates of crosscorrelation were computed between 2,994 residuals of the basin-specific regression equations with 20 or more years of concurrent record. Inspection of the distribution of the sample estimates indicates a gradual decrease in cross-correlation with increasing separation distance from a maximum of about 1 at no separation distance to a minimum of about 0.5 at a separation distance of 250 mi ( fig. 15 ). Because the sample estimates are not distributed with a mean of zero for nonzero separation distances, the use of a WLS was inappropriate for final estimation. Therefore, final coefficient estimates for the identified model were computed by use of the generalized least-squares (GLS) method.
Determination of the GLS estimates required estimation of the I matrix (eq. 8) and the iterative solution of equations 12 and 13. In this analysis, the square I matrix was of order 110. The principal diagonal components were initially estimated on the basis of the standard error of the basin-specific recharge estimates (eq. 4).
Data from five stations were identified as strongly influencing the coefficient estimates on the basis of standard regression diagnostics (Belsley and others, 1980, p. 27) (5) Au Sable River at Grayling, Mich. (USGS gaging station 041)35500). To avoid possible degradation of regression-coefficient estimates, the initial estimates for the (Jiagonal components corresponding to these five stations were replaced with the median value of the diagonal components from the remaining stations. The offdiagonal elements of the I matrix were estimated on the basis of basin-specific standard errors and spatial correlation structure. Model estimates of the spatial correlation structure were used rather than sample estimates to ensure solution of equations 12 and 13.
The sample cross-correlation data were fitted to equation 10 by nonlinear WLS analysis, where the weights were proportional to the length of concurrent record. The model correlation estimate approximates the spatial correlation as a monotonically decreasing function with increasing basin-separation distance. The function ranges from a maximum of 1 to a minimum of 0.46 for all stations in Michigan ( fig. 15) . Coefficient estimates for the spatial correlation function (p0, p t ) are 0.97245 and 0.036054, and asymptotic standard errors are 0.0014796 and 0.002611, respectively.
Coefficient estimates for the recharge equation, determined by use of WLS and GLS techniques, were consistent in sign and similar in magnitude (table 4) . The coefficient associated with SLON increased the most (18.9 percent); the coefficient associated with SGCTIL decreased the most (-29.9 percent). Only the coefficient associated with SGCTIL dropped below the nominal 0.05 level of significance as a result of the change in estimation techniques. However, because the GLS estimate of the coefficient maintained at least a 0.10 level of significance, the corresponding explanatory variable was not removed from the recharge equation.
In addition to GLS coefficient estimates, solution of equations 12 and 13 provides estimates of the covariance among the coefficients (table 5) and the model-error variance (y2 = 3.0564 in2). These values were used to compute the relative uncertainty of prediction for the estimated recharge rates by use of equation 14. 
Basin-specific estimates and the generalized estimate of basin recharge rates were generally within ±4 in/yr of one another; differences were outside this range for only five stations ( fig. 16 ). Four of these five stations were previously identified as influential (1) about 0.842 or 71 percent of the variation in the basinspecific estimates of recharge. Although the GLS estimates of recharge are unbiased, the residuals have a mean of-0.18 in/yr because of the different weights assigned to individual observations by use of equation 4. Thus, the sample GLS estimates of recharge are slightly lower, on the average, than the corresponding basin-specific estimates. The variance characteristics of the residuals from the GLS regression equation differ among zones ( fig. 17) . The standard deviation of residuals in Zone B is 2.6 times greater than the average in the other three zones. Four of the five stations with estimates outside the ±4-in. interval are in Zone B; the fifth station is in Zone C and is part of the lower Rifle River Basin. The large absolute values of residuals for these five stations may also partially result from the natural interbasin transfer of water documented in the area by Knutilla and others (1971) . 
Estimating the Spatial Variation of Recharge Rates
The regression equation for estimating recharge (eq. 15) disaggregates the spatial variation in estimated normal annual recharge rates within the Lower Peninsula of Michigan into two primary components. The first component describes a continuous variation in recharge as a function of geographic variables SLAT and SLON and the intercept term. This function describes a plane whose average height near the centroid of basins used in the analysis is 4.86592 in/yr. The surface increases from north to south at a rate of 0.91178 in. per (standardized) degree; recharge increases from east to west at a rate of 1.29930 in. per (standardized) degree.
The second component accounts for discrete changes in recharge rate associated with specific surficial geologic materials and land-use classifications. For a given location, recharge rates tend to be (1) 3.03071 in/yr higher in areas overlain by outwash sand, (2) 2.31200 in/yr higher in areas overlain by coarse-textured till, (3) 6.67117 in/yr higher in areas classified as deciduous forests, and (4) 11.21496 in/yr higher in areas classified as coniferous forest than in areas of other surficial materials or land-use classifications. All effects are additive, so that an area of outwash sand and deciduous forest has a discrete component of recharge of 9.7019 in/yr. Discrete effects are added to continuous effects to estimate recharge.
A generalized estimate of recharge rates was computed across an imaginary grid overlying the Lower Peninsula by use of equation 15 ( fig. 18 ). Each square cell in the grid had an area of 0.3861 mi2 (1 square kilometer). Only one type of the surficial geologic material and one land-use classification was identified per cell. Although grid cells were smaller than any of the basins used in the analysis, no bias or systematic change in variance is apparent with respect to basin size ( fig. 19) .
The results indicate that recharge rates are generally greatest in the northwestern part of the Lower Peninsula in areas where glacial outwash sand and coniferous forests commonly coincide. Recharge is generally least in the east-central part of the Lower Peninsula. Total land areas within the Lower Peninsula associated with various recharge rates can be determined by use of figure 20 .
Finally, a measure of the relative uncertainty in the spatial estimate of recharge is provided by a map of estimated standard error (fig. 21) . The map was obtained by computing the standard error for each grid element by use of equation 14. The standard error can be used to construct an interval about the estimate that is likely to contain the true value. Commonly, an interval of plus or minus twice the standard error is used to approximate an interval that has about 95-percent probability of containing the true value. However, because of the large number of intervals computed and the spatial correlation among estimates, a strict interpretation of these intervals for hypothesis testing is not appropriate. Rather, the map is intended as a relative indication of the uncertainty in the recharge estimate. The results indicate that the greatest uncertainties of the recharge estimates are in areas associated with both the coniferous forest land-use classification and the outwash sand glacial deposits. The lowest variability of the recharge estimate is in the central and eastern part of the Lower Peninsula.
SUMMARY AND CONCLUSIONS
This report describes the development of an estimate of the spatial variation of natural groundwater-recharge rates in the Lower Peninsula of Michigan. The estimated recharge rates approximate the average recharge rates during the period 1951-80. In this report, natural recharge refers to recharge that results directly from infiltration of precipitation or from runoff and subsequent infiltration from surfacewater bodies. Artificial recharge or recharge from irrigation is not included.
The recharge estimates were developed through the analysis of 3,456 station-years of daily streamflow data from 114 selected USGS streamflow-gaging stations. Gaging stations were selected where streamflow and record characteristics were thought to be appropriate for reliable estimation of recharge characteristics from the analysis of daily streamflow records. Basins were not selected where streamflow was known to be significantly affected by regulation, diversion, flow augmentation, hydraulic control structures, or other anomalies. A minimum of 10 yr of continuous streamflow data was required.
The annual ground-water components of streamflow were determined by use of a hydrographseparation technique referred to as "streamflow partitioning." This technique provides an estimate of recharge that is similar to estimates obtained by other widely used techniques for estimating recharge by use of hydrograph-separation techniques. Not included, however, are (1) recharge that does not emerge as streamflow but leaves the basin as ground water, and (2) recharge that is lost to evapotranspiration in the riparian zone. Annual ground-water discharge ranged from 0.19 in/yr to 22.7 in/yr. The average ground-water discharge was 8.41 in/yr. The average annual percentage of streamflow identified as ground-water discharge ranged among basins from 29.6 to 97.0 percent.
The annual ground-water-discharge components were used to compute basin-specific estimates of normal recharge rate. The normal recharge rates remove the temporal variation in average recharge associated with different time periods of data collection. A set of basin-specific equations was developed by use of multiple-regression analysis. Explanatory variables generally included annual precipitation and the previous year's ground-water-discharge component. The steady-state solution of these equations at the normal precipitation rate for the period 1951-80 was used to compute basin-specific estimates of recharge.
The basin-specific estimates of normal recharge were related to basin characteristics to develop a generalized estimate of recharge. The generalized estimate describes the spatial variation of recharge within gaged basins and across ungaged areas. A recharge equation was developed to compute the generalized estimate. The recharge equation was identified by selecting explanatory variables that were physically meaningful and that explained a large part of the variability in the basin-specific estimates of recharge. Initial coefficient estimates were computed by use of weighted least squares; final estimates were computed by use of generalized least squares. Four of the 114 selected stations were removed from the analysis because of concerns about possible discrepancies between ground-water divides and surface-water divides.
The regression equation for estimating recharge (eq. 15) disaggregates the spatial variation in recharge into a continuous component and a discrete component. The continuous component, which is thought to be associated with climatic factors, is approximated by a plane surface that rises from north to south and from east to west across the Lower Peninsula. The rate of change in recharge with position is described by coefficients associated with standardized values of latitude and longitude. The average height of the surface is described by an intercept term in the equation. The discrete component, which is thought to be associated with the infiltration capacities of soils, is a function of specific surficial geologic materials and land-use clas- sifications. Results of analysis indicate that recharge is generally greater in areas overlain by oiitwash sand, in areas overlain by coarse-textured till, and in areas classified as deciduous or coniferous forests than in areas of other surficial geologic materials or land-use classifications. The accuracy of the recharge estimates is spatially variable. The relative uncertainty is higher than average in the northwestern part of the Lower Peninsula. Some of this error is thought to be caused by inconsistencies between surface-water and groundwater divides. The uncertainties also vary with recharge estimates. Relative uncertainties tend to be greatest in areas overlain by outwash sand and coniferous forests and least in the central and eastern part of the Lower Peninsula where outwash sand, coarse-textured till, and forests are uncommon.
The generalized estimate is computed on the basis of a statistical relation between the main effects of ground-water recharge and basin characteristics. Higher order effects, interactions among main effects, and effects of human activity could not be determined from available data. Estimates based on alternative techniques that properly account for these and other effects may supersede the generalized estimate for estimating local recharge rates.
APPENDIX A. GENERALIZED RECHARGE AND EXPLANATORY VARIABLES AT SELECTED STATIONS
[SLAT and SLON are the standardized latitude and longitude, respectively; SGOSAND and SGCTIL are the proportions of surficial geologic materials composed of outwash sand and coarse-textured till, respectively; and LUFD and LUFC are the proportions of land use associated with deciduous forest and coniferous forest, respectively] .23748
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